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First-principles study of the (001) surface of cubic CaTiO;
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We present first-principles calculations on the (001) surfaces of cubic CaTiO3 with CaO and TiO, termina-
tions. For the TiO,-terminated surface, the largest relaxation is on the second layer atoms, not on the first layer
ones. This behavior is different to SrTiO; and BaTiO5. The large relaxation of the Ca atoms in the second layer
deeply affects the band structure of the TiO,-terminated surface structure. The results of the surface energy
calculations show that the (001) surface of CaTiO5 is most easily constructed among these three materials. The
analysis of the relaxed structure parameters reveals that the rumpling of the (001) surface for CaTiOj; is the

strongest among the three materials.
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I. INTRODUCTION

The ferroelectric ABO5; perovskites have been investi-
gated extensively by experimental and theoretical researchers
because they have many technological applications such as
high-capacity memory cells or optical waveguides. In such
devices, the perovskites are typically used in the form of thin
films. Therefore, it is important to investigate how the physi-
cal properties are affected by surfaces. In recent years, first-
principles studies on the surface of ferroelectrics have deeply
enhanced the understanding of surface effects on their ferro-
electricities and other properties.!~10

Among ABO; perovskites, surfaces of SrTiO; and
BaTiO; have been most extensively studied theoretically.
The surface relaxations of ideal (001) surfaces have been
determined from first-principles calculations with fairly good
agreement with experimental observations.!>#-68-10 Tt is
found that the most significant relaxation is a rumpling of the
topmost surface atoms. The surface relaxation affects the
electronic structures, resulting in the appearance of surface
states on the TiO,-terminated surface. The relative stability
of different surfaces has been also discussed in the context of
thermodynamic equilibrium. Other types of surface such as
(110) and (111) have been also studied theoretically.>37!!

In the present paper, we only focus on cubic CaTiO;. It
has been widely used as an electronic ceramic. It is also a
key component of Synroc, a synthetic rock form used to
immobilize nuclear waste.'”> Although ATiO; (A
=Sr,Ba, Ca) compounds belong to the same II-IV type per-
ovskite and have a common cubic structure at high tempera-
tures, they show different dielectricity and phase transition
behavior. CaTiO; (Ref. 13) and SrTiO; are incipient ferro-
electrics, while BaTiO; is a typical ferroelectric. Moreover,
the critical temperature of transition from the cubic to low-
temperature phase for CaTiO5, 1580 K, is extremely high in
comparison with those for SrTiO; and BaTiO;, 105 K and
393 K, respectively. The high critical temperature for
CaTiO; indicates a remarkable difference in the stability of
the cubic phase to SrTiO; and BaTiO;, and thus it is ex-
pected that this difference affects its surface properties. How-
ever, in contrast to SrTiO; and BaTiO;, there is no theoreti-
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cal study of the surface structure of cubic CaTiO5 by first-
principles calculations to our knowledge. Only the
semiempirical shell model has been applied to the surface of
CaTiO5 by Chen'# as well as that of SrTiO; and BaTiOs.
Thus, it would be of fundamental importance to study the
surface of CaTiOj; theoretically. We chose the (001) surface
as a typical nonpolar surface because most previous works
on the surface of SrTiO; and BaTiOj are of the (001).

We studied the (001) surface of cubic CaTiO; from first-
principles calculations. From these calculations and a com-
parison with other results for BaTiO; and SrTiO;, we try to
find some rules of surface properties with different A-site
atoms in ATiO; perovskites. By calculating the surface struc-
tures of cubic CaTiO3, we show that the surface properties of
cubic CaTiO; are different to those of SrTiO; and BaTiOs.
For the TiO,-terminated surface of cubic CaTiOj, the largest
relaxations occur on the second layer atoms. Moreover, the
CaO- and TiO,-terminated surfaces can equally exist in the
(001) surface of cubic CaTiO3, which is different from that
of SrTiO;. Regarding the method used in our calculations,
details are described in Sec. II. The structure, the density of
states (DOS), and the band structure are analyzed in Sec. III.
The conclusion is given in the last section.

II. METHOD

The calculations presented in this study were performed
within the density functional theory, using the plane-wave
pseudopotential method. We used the CASTEP computer
code,'> which implements the method. The generalized gra-
dient approximation'® (GGA) was used with the ultrasoft
pseudopotential.'” The structure was optimized with the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method,'® and
the forces on each ion were converged to less than
0.03 eV/A. The pseudopotentials used for bulk and surface
slab were constructed by the electron configurations as Ca
3s? 3p® 452 states, Ti 35> 3p® 3d” 45 states, and O 2s° 2p*
states. A plane-wave cutoff energy of 340 eV was employed
throughout. The calculations were done using a (6,6,1)
Monkhorst-Pack mesh which corresponds to six k points in
the irreducible Brillouin zone. To test the convergence with
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respect to the cutoff energy and the k-point mesh, we re-
peated the calculations for a (12,12,1) mesh with cutoff en-
ergy of 400 eV. The surface energies differ by less than
2 meV/a} (where a, is our theoretical lattice constant of
bulk CaTiO;). The result shows that these cutoff energies
and k points are enough for this system.

Before starting the surface calculations, we optimized the
bulk structure of the cubic phase by the same method and the
same computational conditions [the K-point mesh was
(6,6,6)]. Our theoretical lattice constant a is 3.88 A, which
is only 0.3% smaller than experimental one, 3.8950 A.'® We
used the theoretical lattice constant in all calculations.

In our calculations, two types of termination were consid-
ered: type-I (CaO termination) and type-II (TiO, termina-
tion) surfaces. The periodic boundary condition was used in
calculations with the repeated slab model. For the type-I sur-
face, the slab consists of five CaO and four TiO, layers and,
for the type-II, five TiO, and four CaO layers. For both
cases, the slabs with four lattice constants thickness are sepa-
rated by a 12 A vacuum region and are tetragonal with space
group P4mmm. During the surface structure optimization, all
atoms were fully relaxed. Increasing the number of layers to
11 only make a difference in the value of s (defined below)
2.7% for the CaO-terminated surface of CaTiOs.

III. RESULTS AND DISCUSSIONS
A. Surface energies

As long as the surface is in equilibrium with its surround-
ings (TiO, and CaO), the surface stability can be determined
from the grand thermodynamic potential F as a function of
the chemical potentials of TiO, and CaO, Mi0, and ucy0,
respectively.>?° In principle, F should be a function of the
chemical potentials for Ca, Ti, and O,, respectively. Since Ca
and Ti are easily oxidizable, we just define F as a function of
the chemical potentials of their oxides for each type as

1
FlorI)= E[Eslab(l or 1) = Nrio, (#1i0, *+ Etio,)

= Neao(cao + Ecao) ] (1)

where Eg,, ETio,, and Eq,o are the total energies of the
relaxed surface structure, TiO, in the rutile structure, and
CaO in the rocksalt structure, respectively. Nrio, and Nc,o
are the number of TiO, and CaO layers in surfaces struc-
tures. For the type-I surface, Nrio, and Nc,o are 4 and 5,
respectively. Ntio, and N¢,o are 5 and 4 for the type-II one.
The surface of CaTiO; can be stable, whichever the surface
type is, under the conditions of

= E¢= prio, + Mcao (2)
and
— E¢ < prio, Mcao < 0, 3)

where E; is the formation energy (per formula unit) of cubic
bulk CaTiOj; from rocksalt CaO and rutile TiO,:
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FIG. 1. Grand thermodynamic potential F' as a function of the
chemical potential of TiO,, MTi0,» for the two types of surfaces of
CaTiOs.

= E¢= Ecqrio, — Ecao — Eio,» (4)

where Ecqrio, is the total energy per formula unit of cubic
CaTiO;. \

Figure 1 shows our calculated F for the surface structure
of CaTiO;. Our calculated formation energy of cubic CaTiO5
is 0.45 eV. This small formation energy comes from the fact
that the cubic structure is not the lowest-energy structure for
CaTiOj3. Indeed, we found that the distorted structure with
orthorhombic Pbnm (Ref. 19) has lower energy (about
1.5 eV from our calculation). From Fig. 1, we can see that
the two types of surface termination have a comparable
range of thermodynamic stability which means that either a
type-1 or type-II surface could be formed depending on
whether growth occurs in Ca-rich or Ti-rich conditions.

We also performed the same calculations for SrTiO; for
comparison, and the result is shown in Fig. 2. In our calcu-
lations for SrTiOj, a similar structure model was used: The
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FIG. 2. Grand thermodynamic potential F as a function of the
chemical potential of TiO,, HTi0, for the two types of surfaces of
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TABLE 1. Theoretical average surface energies for CaTiOs;,
SrTiO5, and cubic BaTiO; (in eV/a]). The E, means the cleavage
energy and the E, is the relaxation energy.
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TABLE II. Calculated atomic displacements (relative to ideal
position) for the CaO- and TiO,-terminated surfaces. Units are rela-
tive to the theoretical lattice constant (ao=3.88158 A).

Eqe E(T) E, (1) E, Layer CaO terminated d, TiO, terminated 6,

CaTiO; 1.18 -0.42 -0.23 0.86 1 Ca —-0.088 Ti -0.029
SrTiO5 1.16 -0.20 -0.18 0.97 O 0.007 (0] —-0.005
SrTiO5* -0.3 -0.14 1.21 2 Ti 0.027 Ca 0.077
BaTiO; 1.13 -0.08 -0.20 0.99 O 0.012 (0] 0.008
BaTiO," 1.24 3 Ca -0.032 Ti -0.009
"Reference 4. (6] -0.001 o —-0.009
bReference 5. 4 Ti 0.004 Ca 0.006
(0] -0.001 o -0.002

slab of type-I surface consists of five SrO and four TiO,
layers and, for the type-Il, five TiO, and four SrO layers.
Moreover, the total energies were calculated with relaxed
cubic SrTiO;, rocksalt SrO, and rutile TiO,. From Fig. 2, it
can be seen that the type-I surface is more stable than the
type-II one in a wide range of MTi0,- Compared to CaTiOs,
this behavior is different.

The surface stability of cubic SrTiO5 has been studied by
Padilla and Vanderbilt?! with a similar approach. They have
shown that the two types of surface are comparably stable,
which is different from the present result. This difference
seems attributed to the calculated formation energies for
SrTiO3, which is not shown in their paper but can be esti-
mated as 3.2 eV from the range of chemical potential pre-
sented in Fig. 1 of Ref. 21. Our calculated formation energy
of SrTiO; is 1.09 eV which is smaller than their value. In
order to know whether the disagreement of calculated forma-
tion energies is due to the difference between the GGA and
local density approximation (LDA), we also calculated the
formation energy for SrTiO; by the LDA with the same com-
putational conditions. Our calculated formation energy is
1.39 eV. This value is similar to that of the GGA and almost
same as that reported by Johnston et al.?? within the LDA.

We define E, to be the average surface energy of two
types of surface termination:

1
E = FZ[Eslab(I) + Eslab(H) - 9Ebulk]’ (5)

where Eg,p, (I), Egy (I), and E,yy, are the total energies of
the relaxed type-I slab, the relaxed type-II slab, and the bulk
crystal per unit cell, respectively. Since the average surface
energy is independent of MTi0,> it is suitable for comparisons.
Table I illustrates the average surface energy, the cleavage
energy and the relaxation energy of CaTiO;, together with
those for SrTiO5 (Ref. 4) and BaTiO; (Ref. 5). The cleavage
energy (E,.) and the relaxation energy (E,.) are defined as

1
Eye= Z[Eg;brel)(l) + ESreV(I) - 9 Epyy]. (6)
1 (unrel)
Erel(l) = E[Eslab - Eslab (I)]a (7)

where Ei'f;gel) (D), Ei;';l;el) (IT), and Eg,, (I) are the total ener-

gies for the unrelaxed type-I slab, the unrelaxed type-II slab,

and the relaxed type-I slab, respectively. From Table I, we
can see that the cleavage energies of the three materials are
similar. The relaxation energies of the type-II surface for the
three materials are also similar, while those of the type-I
surface are very different. The absolute value of the relax-
ation energy of CaTiOj is the largest one among the three
materials. Thus, the surface energy of CaTiO; is smaller than
that of SrTiO5 and the surface energy of BaTiOj is the larg-
est. The smaller surface energy means easier cleavability un-
der the condition that migration of atoms can be neglected.
Thus, among these materials, the surface of CaTiO; is the
most easily constructed. Chen'# calculated the (001) surface
of CaTiO;, SrTiO;3, and BaTiOj5 by the shell model and gave
the result of the surface energy for these three materials. Its
definition of the surface energy is, however, not known and a
comparison with it is difficult. Even by the same shell-model
method, the surface energy of SrTiO5 by Chen'# is different
from that of other groups.?

Recently, it has been reported that perovskite surfaces ex-
hibit multiple surface reconstruction depending on the ex-
perimental conditions such as the chemical potential of oxy-
gen, pressure, and temperature. Such reconstructions are
beyond our present study. If they are included in the calcu-
lations, they may alter the stability of surfaces. It would be
desirable to study the detailed reconstruction in future.

B. Structure relaxation

A good agreement in the surface rumpling parameters of
SrTiO; between the DFT calculations'* and the experimental
results>*?> has shown that density functional theory (DFT)
calculations can predict well the surface structure of perov-
skite materials. Table II illustrates our calculated atomic re-
laxations for the type-I and type-II surface structures of cubic
CaTiOs. It can be seen that, for the type-I surface with CaO
termination, the Ca atoms move inward (towards the bulk)
and the Ti atoms move outward (towards the vacuum). The
largest relaxation is on the first layer atoms, as expected. The
structure of the SrTiO; and BaTiO; (001) surface with full
relaxation has been studied.'> The relaxation behavior for
the type-I surface of CaTiO; is similar to those results except
the magnitude of displacement: The Ca atoms in the first
layer move inward about 8.8% of the bulk lattice constant a,
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TABLE III. Surface relaxation parameters (in A) for CaTiOs,
SrTiO3 Ref. 1 and BaTiO5 Ref. 5.

s Ady, Adys
AQO terminated
CaTiO;3 0.37 -0.44 0.22
SrTiO5 0.23 -0.28 0.13
SrTiO5* 0.20 -0.26 0.11
BaTiO3 0.1 -0.17 0.08
BaTiO5" 0.055 —-0.146 0.059
TiO, terminated
CaTiO3 0.13 -0.41 0.33
SrTiO; 0.12 -0.24 0.12
SrTiO5* 0.09 -0.26 0.18
BaTiO3 0.11 0.23 0.13
BaTiO5" 0.1 -0.234 0.079
#Referencel.
PReferences.

while the displacement of the Sr and Ba atoms in the first
layer are about 5.7% and 2.8%, respectively.

For the type-II surface structure, CaTiO5 has a very dif-
ferent relaxation behavior compared to SrTiO; and BaTiOs;.
The largest relaxations can be seen in the second-layer at-
oms, not in the first-layer atoms. The displacement of the Ca
atoms in the second layer is outward about 7.7% and that of
the Ti atoms in the first layer is inward about 2.9%. In con-
trast, for the type-II surface of BaTiO5; and SrTiOs, the larg-
est relaxations are in the first-layer atoms. The displacement
of the O atoms is very small in all layers and less than 1%.
Moreover, the relaxation direction of the O atoms in the sec-
ond layer, the outward movement, is opposite to that of
SrTiO; and BaTiOs;. Such a different relaxation direction
may arise from the large displacement of the Ca atoms in the
second layer. The relaxation of the fourth layer for the two
types of the surface is less than 0.6%.

In Table III, we present the calculated structural param-
eters of CaTiO3, SrTiO3, and BaTiO5 and a comparison with
those reported previously.!” The quantity s measures the out-
ward displacement of the first-layer oxygen with respect to
the first-layer metal atoms, Ad, is the change of the first
interlayer spacing, as measured from the surface to the sub-
surface metal z coordinate, and a similar definition is given
to Ad,; between the second and third layers. For SrTiO5 and
BaTiO;, our results are similar to previous calculated
results.’ From Table I11, the absolute values of s and Ad for
the type-I surface become larger in order of BaTiO;, SrTiO;,
and CaTiOs;. It means that the rumpling of the type-I surface
becomes stronger in this order. For the type-II surface, Ad
for these three materials have similar behavior with the
type-I surface and the variation of the s value is small. The s
value of SrTiOj; is smaller than that of BaTiO5. The s value
of CaTiOj is still the largest one. Since the first layer is TiO,
for the type-II surface, the s value does not reflect the rum-
pling of the AO layers. The second layer (AO layer) relax-
ation behavior shows the rumpling of the AO layers. Thus,
we can conclude that the rumpling of the topmost AO layers
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FIG. 3. The total energy as a function of displacement 6z of A
atoms along the [001] direction for cubic ATiO; (A=Ca, Sr, and
Ba). The lines with solid squares, circles, and triangles represent the
results for CaTiO3, SrTiO3, and BaTiOs, respectively.

in the (001) surface structure for CaTiOj is larger than that in
SrTiO5 and BaTiO; for both types of surface.

In order to understand why the displacement of the Ca
atoms is the largest among these three materials during the
surface rumpling, we calculated the total energies of the bulk
and surface systems of CaTiO; and SrTiO; with different
A-atom displacements. Figure 3 shows the total energy of
cubic CaTiOs;, SrTiO3, and BaTiOj as a function of displace-
ment of the A atoms in the [001] direction, which indicates a
distortion from cubic symmetry. From this figure, we can see
that the total energy of CaTiO; decreases for a small dis-
placement of Ca atoms while other compounds exhibit an
increase. Thus, for bulk systems the Ca atoms are energeti-
cally the easiest to be displaced. This instability of the Ca
atoms at the symmetric point is related to the instability of
the cubic phase at low temperature.

The total energy changes of the CaTiO; and SrTiO; sur-
faces with the AO termination as a function of the A-atom
displacement are given in Fig. 4. From this figure, it can be
seen that the total energy of CaTiO; surface decreases more
largely than that of SrTiO; with the same displacement of A
atoms. It means that the Ca atoms can be moved more easily.
Thus, the total energy behavior of both bulk and surface
structures shows that the Ca atoms have more space for re-
laxation. The Goldschmidt radii of the Ca, Sr, and Ba atoms
in ATiO; systems are 1.16, 1.37, and 1.52, respectively.?®
They show that the Ca atoms has the largest free space
among these three atoms in ATiO5 systems.

Theoretically, the total energy calculations of CaTiOs,
SrTiO5, and BaTiO5 for the unrelaxed and relaxed type-II
surfaces have shown that the decreasing trend in the electro-
static energy composed of the interaction between nuclei and
electron charge of CaTiOj is larger than those of SrTiO; and
BaTiO3. Thus, the large displacement of Ca atoms in the
second layer of type-II surfaces maybe comes from the large
decreasing of the electrostatic energy during surface relax-
ation.

Our calculations show that the Ti, Ca, and O atoms in the
ionic states display very different displacements from their
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FIG. 4. The total energy as a function of displacement &z of A
atoms along the [001] direction for the surface of CaTiO; and
SrTiOj3. The lines with solid squares and circles represent the results
for CaTiO5 and SrTiOg, respectively.

perfect-crystalline sites. This can lead to the formation of a
dipole moment at the surface layers, which are perpendicular
to the surface. For the type-I surface, the dipole moment is
mainly due to the larger inward displacement of the Ca ions
and relative small outward displacement of the O ions. The
outward displacement of the Ti ions in the subsurface layer
may weakly reduce the large dipole moment formed by the
Ca ions displacement. For the type-II surface structure, a
dipole moment comes dominantly from the larger outward
displacement of the Ca ions and relative small outward dis-
placement of the O ions in the second layer. The inward
displacement of the Ti ions in the first layer may partially
reduce the dipole moment formed by the Ca-ion displace-
ment. This large surface polarization in CaTiOj; indicates the
appearance of a significant electric field near the surface of
the cubic crystal and affects the band structure as will be
described later.

C. Surface electronic structure

1. Type-I surface

We performed GGA calculations of the electronic struc-
ture for bulk and two types of the surface. The bulk band gap

Bulk unralax
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FIG. 6. PDOS decomposed into each layer of the CaO-
terminated surface. Individual states are broadened with the width
of 0.05 eV.

was calculated to be 1.95 eV, which is smaller than the ex-
perimental value, 3.5 eV. This difference is typical for the
GGA calculations. Figure 5 gives the calculated electronic
band structures for CaTiOs: (a) surface-projected bulk band
structure, (b) the unrelaxed CaO-terminated surface, and (c)
the relaxed CaO-terminated surface. It is found that the struc-
ture relaxation does not influence the band structure signifi-
cantly. The calculated band gap for the relaxed CaO-
terminated surface is 1.82 eV. Thus, the band gap of the
CaO-terminated surface is reduced slightly. The bulk and
surface energy bands look similar, and it is difficult to dis-
tinguish the surface states. The partial densities of states
(PDOS) of different layers for the CaO-terminated surface
structure are given in Fig. 6. In this figure, the fifth layer is a
central layer and may be regarded as those in the bulk. Com-
paring with the fifth layer, the amplitude of PDOS from
—2 to 0 eV increases in the first layer. The PDOS of the third
layer is similar to that of the fifth layer.

relaxed FIG. 5. Calculated electronic

Energy {eV)

band structures for CaTiOj. (a)
Projected bulk band structure. The
solid and dotted lines represent
the band structure on the I'—X

—M—I" and X—M—R—X
axes, respectively, in the bulk
Brillouin zone. (b) The unrelaxed
CaO-terminated surface. (c) The
relaxed CaO-terminated surface.
The top of the occupied states is

X M
) M) (R x

set to be zero for all cases.
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FIG. 7. Calculated electronic band structures for the unrelaxed
(a) and the relaxed (b) TiO,-terminated surface of CaTiOs. The top
of the occupied states is set to be zero for both cases.

2. Type-1I surface

Figure 7 shows the calculated electronic band structures
for the unrelaxed (a) and the relaxed (b) TiO,-terminated
surface of CaTiO5. The PDOS of the relaxed surface is illus-
trated in Fig. 8. The change in the band structure due to the
relaxation is prominent at around the M point. The calculated
band gap for the relaxed type-II surface is 1.75 eV, which is
reduced about 0.2 eV from that of the unrelaxed one. This
reduction is smaller than those for SrTiO5 (about 0.7 eV) and
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FIG. 8. PDOS decomposed into each layer of the
TiO,-terminated surface CaTiOs, drawn in a manner to Fig. 6.
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BaTiO; (about 1 eV). In order to know whether the large
displacements (compared with Sr and Ba) of the Ca atoms in
the second layer affects the band gap of the type-II surface of
CaTiOs3, we calculated the band structure for a model surface
where we moved the Ca atoms in the second layer from the
optimized position to 3% of a, inward (relative to the unre-
laxed position), which is similar to the Sr atoms in the sec-
ond layer of the type-II surface structure for SrTiO;. The
calculated band gap is 0.42 eV. Compared with the gap of
the optimized structure, this value is very small. From the
above analysis, we can conclude that the large relaxations of
the Ca atoms in the second layer affect the O p electrons in
the first layer and make the band gap of the type-II surface of
CaTiOj; large. Compared with SrTiO; and BaTiOs, such be-
havior is very different and interesting.

From Fig. 7(b), it seems that the valence band exhibits an
upward shift intruding into the lower part of the band gap,
especially at the M point. The surface states may be also
identified from the PDOS plotted in Fig. 8. In this figure, the
fifth layer is a central one and the Ti and O atoms in this
layer can be regarded as those in bulk. In fact, the PDOS of
the fifth layer has the energy gap similar to that of bulk. The
first and third layers show noticeable PDOS up to about
0.2 eV higher in energy. From this comparison, it is consid-
ered that surface states appear at the M point. The upward
shift of the valence band at the TiO,-terminated surface can
be seen in the large enhancement of PDOS of the first and
third layers between —1 and 0 eV.

IV. CONCLUSION

The structural and electronic properties of the CaO- and
TiO,-terminated (001) surfaces of cubic CaTiO3 were calcu-
lated by the plane-wave pseudopotential method within the
GGA. The results were compared to those of SrTiO; and
BaTiO;. We find that, for the TiO,-terminated surface, the
largest relaxation occurs in the second-layer atoms, not in the
first-layer ones, which is different from SrTiO5 and BaTiOs.
The large displacement of the Ca atoms in the second layer
deeply affects the band structure of the TiO,-terminated sur-
face structure. The calculated surface energies show that the
(001) surface of CaTiO5 is most easily created among these
three materials. From an analysis of the structure relaxation
parameters, we can conclude that the surface rumpling of
CaTiO; is the most significant among these three materials,
which is mainly due to its largest decrease in the electrostatic
energy during the surface relaxation. The reduction of the
electronic band gap for the TiO,-terminated surface is
mainly attributed to the valence-band states of O 2p in the
first and third layers. The TiO,-terminated and CaO-
terminated surfaces equally exist in the (001) surface.
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